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ABSTRACT

We present a systematic study of metal —organic honeycomb lattices assembled from simple ditopic molecular bricks and Co atoms on
Ag(111). This approach enables us to fabricate size- and shape-controlled open nanomeshes with pore dimensions up to 5.7 nm. The networks
are thermally robust while extending over ~ um? large areas as single domains. They are shape resistant in the presence of further deposited
materials and represent templates to organize guest species and realize molecular rotary systems.

Supramolecular chemistry with its unique control of highly pertaining shape-resistant nanocavities provide an ideal
organized molecular architecture and intrinsic defect cor- playground for many further studies. In particular, we
rection is an efficient synthetic tool for nanoscale control of demonstrate their capability to spatially confine guest species
matter. In particular, the development of metallosupramo- and observe their restricted lateral motion.

Ie<_:u|ar self-assembly techniques gi_ves_ access to a_va_riety of The objective of our investigation is the development of
grid structures based on the coordination of organic linkers j rationale for surface-confined supramolecular chemistry,
with metal center$.® Recent studies revealed that low- \hich will offer an exquisite tool for the massively parallel
dimensional coordination networks bearing potential for constryction of extended, defect-free regular two-dimensional
technological applications can be similarly realized on well- (2D) nanoporous network$11 We devised a series of
defined surface$.® Notably rectangular networks could be - gjmpje ditopic dicarbonitrile-polyphenyl molecular linkers
realized on square substrates featuring open cavities in the(abbreviated NEPh—CN, wherebyn can be 3, 4, or 5:
0'5_,2 nm range. Herg, we report on a methodology to see Figure 1). A straightforward synthesis of the rodlike NC
design highly regular size- and shape-controlled nanomeshqum_CN molecules was developed on the basis of Suzuki
with tunable pore size, based on the transition metal-directedreaction schemes, by the coupling of corresponding bis-
assembly of ditopic organic linkers on a Ag(111) substrate. iodophenylens and two equivalents of 4-carbonitrile-phe-
The underlying threefold Co-carbonitrile coordination motif nylboronic acid under typical Suzuki conditidAsvith 10

is examined with the help of first-principles calculations. By mol % Pd(0). Corresponding bis-iodophenylens were achieved

varying the length of the custom-designed polyphenyl- by iodination of polyphenylens with a mixture ofdnd HIQ;
dicarbonitrile linkers, we realized open honeycomb networks . ; . g .
in acetic acid. All linkers gave correct analytical data and

comprising hexagonal pores up to 5.7 nm in diameter. The agreed with literature data for NGPhy—CN .13 4,4-bisiodo-

i 14 ' _hici _ A 12 15
+ Corresponding authors. E-mail: (U.S.) uta.schlickum@epfich; M.z GiPnenyh#and 4,4-bisiodo-[1,1.4',1"]-terphenyl After all
mario.ruben@int.fzk.de; (J.V.B.) jvb@ph.tum.de. organic compounds were purified by normal chemical

! Ecole Polytechnique Téérale de Lausanne. methods, they were sublimed twice to obtain the purity
* Forschungszentrum Karlsruhe. ded f . l . STM :
s Donostia International Physics Center (DIPC) and Departamento de N€€ded for scanning tunneling microscopy ( ) experi-

Fisica de Materiales and Unidad de Fisica de Materiales. ments, performed in a home-built ultrahigh vacuum (base
I'Max-Planck-Institut fu Festkaperforschung. 0
OUniversity of British Columbia, pressure 10° mbar) low-temperature STM setdp.T _he
*+ Technische Universitaiiinchen. Ag(111) substrate was prepared by cycles of Sputtering

10.1021/nl072466m CCC: $37.00  © 2007 American Chemical Society
Published on Web 11/20/2007



Figure 1. Tuning the cavity size of metalorganic honeycomb networks with designed linkers. The STM images show the result of
Co-directed assembly of (a) NPhs—CN, (b) NC-Ph,—CN, and (c) NC-Ph—CN, respectively. (ef) Structure of the molecules including
their length and models of the threefold Co-carbonitrile coordination motif resolved-o) (gyellow, cobalt center; turquoise, carbon;
white, hydrogen; blue, nitrogen). The images-€ were taken at a tunnel current bf= 0.1 nA and bias voltages of 0.9, 1, and 2 V,
respectively.

and annealing to 800 K to obtain flat terraces separated bycell size expands stepwise from 10 via 15 up to 20 nih
monatomic steps. The molecules were evaporated withfor n= 3, 4, 5, respectively, (see Figure-1g). In particular,
organic molecular beam epitaxy at 460 K (NEh—CN), the 20 nm nanopores achieved with N@Ph—CN linkers
490 K (NC-Ph,—CN), and 535 K (NC-Phs—CN), respec- represent to the best of our knowledge the most open surface-
tively, onto a clean Ag(111) surface. We first deposited confined nanomesh realized to date by 2D self-assembly.
submonolayer amounts of the organic linkers (the corre- All nanomeshes comprise the same threefold coordination
sponding pure organic networks formed by the respective motif with Co atoms positioned at the nodes (Figure-fid
molecular building blocks are rather complex and will be The Co centers connect the molecules symmetrically result-
discussed in detail elsewhere). Subsequently, the precursoing in an angle of 120between adjacent ligands. The domain
layers were exposed to a beam of Co atoms to fabricate thesize in known 2D nanoporous metairganic networks was
metal-organic networks. During all steps, the Ag(111l) so far restricted to approximately 5050 nn¥ (realized by
crystal was kept at 300 K. By carefully adjusting the Fe or Co carboxylation). In addition, an appreciable defect
stoichiometry of the constituents, we achieved the presenceconcentration within the domains was usually present, and
of single metat-organic phases on the surface where all controlling possibly coexisting phases can be very cumber-
transition metal centers are incorporated (in the case of Co,some*>1920By exploiting Co-carbonitrile complexation,
deficiency coexistence of nanomeshes and organic islandssingle domain metatorganic networks covering surface
occurs; also an overdose of Co atoms is not affecting the terraces ovenm? large areas with low defect concentrations
metal-organic nanomesh because surplus Co atoms arebecome possible. This is illustrated by the data reproduced
accumulated in small clusters outside the network, decoratingin Figure 2, where the regularity of the comprised hexagonal
Ag step edges). After the preparation, the sample was cavities is highlighted in the overview STM image (Figure
transferred into the low-temperature STM where all data were 2a) and by a Fourier transformation taken from topographic
recorded afl ~ 10 K in the constant current mode. data of a large scale image (Figure 2b) where distinct and
All ditopic molecular bricks have the same functional sharp first and second-order peaks appear. Large domains
carbonitrile endgroups, while their lengths increase with  are always obtained if the metabrganic network has been
from 1.66 via 2.09 up to 2.53 nm. Because carbonitrile formed on the Ag(111) surface at a temperature of 300 K
compounds are known to coordinate strongly to transition during the self-assembly process. The domains of the metal
metal centerd’'® they represent promising candidates for organic arrangements are not restricted to single terraces
the improved control of surface-confined metarganic because the network topology can be continued across atomic
superlattices. Indeed, the STM data reproduced in Figure 1steps of the Ag(111) surface. The only known structure
demonstrates that by the controlled reaction of cobalt centerscomparable in quality is the boremitride nanomesh In
with preadsorbed linker molecules a series of open na- comparison to the latter, our metadrganic nanomeshes
nomeshes with a tunable cavity size can be realized on theoffer open cavities separated by molecular height boundaries.
employed clean and smooth Ag(111) substrate. In all cases,In addition, the cavity size is shown to be tunable and nearly
highly regular arrays comprising nanometer-sized honeycombtriples the fabricated maximum mesh size with the -NC
cavities are formed. The area of the enclosed hexagonsPh—CN linkers.
increases stepwise with the number of phenyl rings incor-  The histogram in Figure 2c shows the size distribution of
porated in the molecular linkers’ backbone. Accordingly, the the hexagonal cells. The size given in the figure is the inner
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Figure 2. Extended highly regular nanomesh covering large areas. (a) Overview STM topographic image of thergatat network
formed by NC-Phs—CN linkers. (b) Fourier transform taken from topographic data of a:3@D0 nn? size domain with distinct first and
second-order spots. (c) Histogram showing the size distribution of the cavities’ inner diameter fd*hNGCN-, NC-Ph,—CN-, and

NC—Ph—CN-based networks.

diameter of the hexagons, that is, the distance between two

X @ ‘
parallel oriented molecules. The sharpness of the peaks for ;&—gx
NC—Ph—CN and NC-Ph—CN (half width at half- .
maximum (HWHM) for both are 3%) underlines the nearly
perfect geometric order within the metadrganic networks.
The histograms have been established for large scale STM
images, which broadens the distribution due to the limited
pixel resolution. Therefore the real distribution can be
assumed to be even narrower. The distribution for-NeG—
CN molecules is broader (HWHM is 7.8%) indicating slight
deviations from the threefold symmetry of the coordination
node.

Density functional theory (DFT) calculations indicate that
the encountered threefold coordination motif, uncommon for
bulk transition metatcarbonitrile complexe¥;*8is induced
by the presence of a metal substr&té&or the modeling,
the molecular linkers were simplified as N®h—CN
retaining the carbonitrile endgroups that interact with the Co
centers. In addition, the molecules were confined in a plane igure 3. DFT calculations help to uncover the origin of threefold
in accordance with our data showing that the aromatic coordinated Co centers. (a,b) Plots of the induced charge density
polyphenylene linkers are adsorbed in a flat configuration around the cobalt atom il’_l threefold coor_dination of a model
with the -system facing the metal substrate. To assess thecompound (NG-Ph—CN) without (a) and with (b) the presence
. . . - of an Ag, cluster underneath the transition metal center. The image
interaction of the C_O center with the underlying surface, we displays the electron density redistribution around the Co atom due
performed calculations of both free planar compounds and o the bond formation with the ligands and the Aduster. Light
complexes where a cluster of four Ag atoms was placed blue color means charge depletion, and light gray charge accumula-
underneath the coordinated Co atom (Figure 3). We usedtion (0.002 e/&).
the SIESTA cod® with the Perdew Burke—Ernzerhof
functional, a doublé: plus polarization basis set, a 100 meV the case where no Ag cluster is placed below the Co center,
energy shift, and a 200 Ry cutoff for the spatial grid. The the binding energy for fourfold coordination-5.46 eV)
ligands were constrained to lie coplanar, whereas the Co atomexceeds the that for threefolet$.92 eV) by 460 meV. When
was allowed to relax in any spatial direction. For the the Ag cluster is included, the energetic preference is reversed
calculations including an Agcluster under the Co atom, the  and now the binding energy for threefold coordinatief7 (88
distance between Ag atoms was kept frozen and the centereV) exceeds that for the fourfold-(.79 eV) by 90 meV.
of mass of the cluster was allowed to relax vertically (see  The consideration of the binding energies within the node
Figure 3). The comparison between threefold and fourfold indicates that the interaction of the cobalt atoms with the
coordination was made by calculating the total binding surface is a key factor in favoring a 2D network with a
energy of the complete system. The total binding energy is threefold coordination of the organic ligands. The electron
defined as the energy difference between the energy of thedensity redistributions in Figure 3 were calculated as the
complete system and its constituent parts, consisting of thedifference between the valence electron density of the total
ligands, the Co atom, and the Agluster (if present). For  system and the sum of that of the two, three fragments,

Nano Lett., Vol. 7, No. 12, 2007 3815



respectively (ligands and Co or ligands, Co, and)Aghe
figure shows that the charge distribution between Co centerg
and carbonitrile ligands is not strongly affected when
integrating the Ag cluster. On the other hand, the addition
of the Ag, cluster leads to a strong hybridization between
Co and Ag atoms revealing the influence of the substrate in
the coordination systeft.Qualitatively, the same behavior
is observed for fourfold coordination; however, quantitative |
differences are encountered as apparent in the energy baland
discussed above. This interpretation of a metaetal bond
influence on metatligand bonding is corroborated by a very
similar coordination motif found for carbonitrile groups and
the Pd(I>Pd(l) metallic complex favoring a threefold
coordination [(CHCN)s—Pd—Pd—(CH3;CN)3].%°

Assuming that the molecular linkers have the same length
on the surface as in the gas phésand that they are lying
flat on the substrate (as indicated in Figure—1d the

projected Ce-N bond length obtained from high-resolution _. - , I
STM data is (1.6+ 0.2) A This i istent with Figure 4. Nanocavities for confinement of molecular motion in a
ata is (1. 2) A 1S 'S_ anSIS ent with our — controlled environment. (a,b) A template formed by NEh—
calculated value for threefold coordination and a Ag cluster cN linkers is used to host two NEPh,—CN guest molecules. We
considered below the coordination node and if we take into can laterally displace the N€Phs—CN by increasing the tunnel
account the fact that the Co atom is out of the plane of the current from 0.1 to 0.4 nA. (ee) Host cavities, formed by the
ligands 1.84 A (1.75 A projected). It also agrees well with Metai-organic network of NE-PR—CN linkers where a single

NC—Ph—CN guest is trapped. The confined species can be
other reported values for G\ bond length (cf. refs 18 and switched between two configurations by changing the scan direction

26). (transition from configuration c to configuration d) or by increasing
The metat-organic networks themselves provide a basis the tunne_l curre_nt from Q.l to 0.45 nA (transition from configuration
for a variety of further experiments because they are stable?ego é:gt?\tguratwn €). Bias voltages: 1 V+g) and 0.8 V (d.€),
at temperatures up to 300 K and shape-persistent in the P -
presence of additionally deposited materials, even for transi- ) . ) "
tion metal atoms (Fe). The network stability was verified &rays can be tailored under maintenance of their specific
by repeated heating from 10 to 300 K. After cooling down Shape and symmetry, whereby they exhibit a high degree of
to 10 K, the original honeycomb structure was always present €gularity. The findings for NEPh—CN molecules show
and only an increase of impurities on top of the network e most open 2D pore sizes designed by self-assembly
could be discerned. Thus, the honeycomb networks can servé?fOCeSSes on surfaces to date. Furthermore, the fabrication
as templates to organize coadsorbed molecular species angf Sizé- and shape-controlled nanomeshes bears potential for
tostudy molecularmotion processesinconfinedenvironrierts, & diversity of different applications. Notably, the capability

As a test case, we employed the hexagonal pores as hospf the metat-organic networks to show molecular motion
cavities for guest molecules. The template reproduced in in well-defined nanoscale environments was demonstrated.

Figure 4a is given by a network of [(N€Ph,—CN)s,Co] Studies of rotational processes of large nanometer size bio-
complexes. We added N&Ph,—CN molecules to it at a molecules in tunable spaces open ways to control molecular

substrate temperature 850 K. The longer guest molecules motors. Investigations of surface chemical reactions like
are accommodated in the cavities and arranged in specificcatalytic processes in controlled surroundings are imaginable.

configurations. By deliberate excitation with the STM tip, Finally, the nanomeshes may serve as templates for the
that is, increasing the tunnel current from 0.1 to 0.4 nA, the S€lective organization of guest species to realize patterned
molecules can be laterally displaced from one configuration Media of separated, regularly distributed nanoclusters.

to another (see the two states depicted in Figure 4a,b). As
another example, NEPh—CN linkers confined in the
cavities formed by [(NGPh—CN)s,Co] networks can be
rotated back and forth between two metastable positions
(Figure 4c-e). The achieved molecular organization and the
tip-induced motions within the cavities reveal that networks
qualify for spatial confinement of guest species.
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